Introduction
On surfaces exposed to the external environment, such as the intestine, the genito-urinary tract, and the lung, lymphocytes become compartmentalized to form the mucosal immune system. In the intestine, two major lymphocyte populations exist; those lymphocytes which localize to the subepithelial lamina propria, termed lamina propria lymphocytes (LPL),' and a second population of lymphocytes which remain associated with the basolateral membrane of intestinal epithelial cells, termed intraepithelial lymphocytes (IEL) (1) . The role of IEL is not clearly understood. Acute inflammation and ulceration of the intestinal mucosa is rarely associated with increased accumulation of IEL. However, notable increases in the number of IEL is a prominent feature of chronic inflammatory conditions (2) and a number of enteropathies with a wide spectrum of etiological factors present with distinct increase in the number of IEL (3, 4) . Moreover, several studies indicate that IEL of patients with Crohn's disease and ulcerative colitis may be activated in vivo and may contribute to the symptomology observed in these patients (5, 6) .
Phenotypically, both lymphocyte populations present in the intestine, IEL and LPL, resemble memory T cells (CD45RO+), and express predominantly the a/6-T cell receptor (1) . In addition nearly all IEL and 40% of LPL express the a E I7-integrin, HML-1, an adherence molecule found on peripheral blood lymphocytes only after mitogenic stimulation, suggesting a role for this molecule on mucosal T cells (7, 8) . It is likely that IEL in part function to recognize foreign or transformed self antigens presented by intestinal epithelial cells (9) . Little is known about other potential functions of IEL at the level of the intestinal microenvironment.
Previous work has demonstrated that the intestinal mucosa is an enriched source of the cytokines such as IFN-y (10) . IFNy is produced by IEL (11) and after epithelial preexposure to IFN-y in vitro, epithelial function at several different levels is modulated, including diminished barrier function (12, 13, 14) , increased flux of inert molecules (13) , decreased Cl-secretory responses to agonist stimulation (14, 15) , enhanced expression of MHC class II molecules (15, 16, 17) and modulated interaction with neutrophils (12, 15 
Methods
Approximately 400 epithelial monolayers were used for the studies reported here.
Cell culture
Mucosal-derived lymphocytes. MDLs were isolated from human intestinal tissue as described previously and maintained by intermittent stimulation with phytohemogglutinin and irradiated feeder cells (8, 19) . The phenotypic characteristics of these cells have been defined in great detail elsewhere (8, 19) . In brief, the MDL were isolated as previously detailed and two color FACS analysis (8, 19) 
Morphologic studies
Confluent monolayers were used in morphologic studies using conventional microscopy as well as confocal microscopy. MDLs were localized and viewed by confocal after staining monolayers with rhodamine-phalloidin and/or OKT8 mAb (recognizes CD8+ lymphocytes) followed by FITC-labeled goat anti-mouse secondary mAb as described previously (19 (20) . Stimulated short circuit current (Isc) was determined using the agonists forskolin (10 1sM), carbachol (100 JLM), or vasoactive intestinal peptide (VIP, 10 ng/ml). Using these values and Ohm's law (V = IR), tissue resistance and transepithelial current were calculated. System resistance was < 5% of total transepithelial resistance. Between different readings of one monolayer, < 10% variability in resistance and spontaneous transepithelial electrical potential exists (20) .
To determine whether spatial rearrangement within epithelial monolayers induced by interspersed lymphocyte volume could account for the effects observed during co-culture, latex beads (1 1.9±1.9 ,um diameter, neutral charge; Seradyn Inc., Indianapolis, IN) were mixed with epithelial cells at the time of plating (three beads/epithelial cell). Subsequent imaging by phase microscopy verified the basolateral position of these beads. Monolayers co-incubated with latex beads were grown to confluency and electrophysiologically assessed as described above.
Furthermore, to determine whether cell-cell contact was essential for the observed effects, T84 cells were plated on 0.33-cm2 ring supported polycarbonate filters, and MDL were placed in the reservoir below epithelial monolayers (i.e., no direct MDL-epithelial contact) at a concentration of 3 MDL per T84 cell. Monolayers were grown to confluency and electrophysiologically assessed as described above. In a subset of experiments, lymphocytes were settled for 2 or 4 d on the apical surface of previously confluent, polarized epithelial monolayers to permit contact between lymphocytes and the physiologically inappropriate membrane (apical membrane).
In other experiments, we determined whether a transferrable, soluble factor could account for the physiological effects observed in co-cultures. To test this, co-cultures were grown to confluency as described above. Media (termed conditioned media) from co-cultures of 3MDL:1T84 cell were harvested, filtered through a 0.2 'sm filter and applied to virgin, confluent T84 monolayers. After 3 d, transepithelial resistance and stimulated short circuit current were determined and compared with control monolayers that were not exposed to conditioned media.
PMN transmigration assay
The PMN transepithelial migration assay has been previously described in detail (21, 22) . Briefly, human PMNs were isolated from normal human volunteers and suspended in modified HBSS (without Ca2" and Mg2+) at a concentration of 5 X 107/ml. Before addition of PMN to the apical surface of monolayer co-cultures, monolayers were extensively
Intestinal Epithelial Monolayers Cultured with Mucosal T Lymphocytes 789 rinsed in HBSS and equilibrated at 370C. Transmigration assays were performed in the presence of a 1 tiM transepithelial gradient of the PMN chemoattractant fMLP (n-formyl-met-leu-phe; Sigma Chemical Co., St. Louis, MO). PMN transmigration was initiated by the addition of 2 x 106 PMN to the upper chamber (apical surface) of co-cultures and transmigration was allowed to proceed in the basolateral direction for 120 min. Transmigration was terminated by placing monolayers at 40C for 30 min. Nonadherent PMNs were extensively washed from the apical surface of co-cultures. After removal of loosely adherent PMNs, transepithelial migration was quantitated by assaying for the PMN azurophilic granule marker myeloperoxidase. Monolayers were solubilized using a 0.5% solution of Triton-X 100 and transferred to a 96-well microtiter plate followed by the addition of 100 /A ABTS solution to each well. Color development was assayed at 405 nm on a microtiter plate reader (Molecular Devices, Menlo Park, CA) as described previously. The number of PMN were quantified in the reservoir bath (the number of PMN which had completely traversed the monolayer into the reservoir) as well as the number of PMN which remained associated with the epithelial monolayer (monolayer associated). The total number of transmigrating PMNs was expressed as the sum of the two measurements. PMN cell equivalents were estimated from a daily standard curve.
PMN adhesion assay
The PMN-epithelial adhesion assay has been described in detail elsewhere (15) . Briefly, co-culture monolayers (basolaterally positioned MDL only, see Results) or monolayers containing no MDL were extensively washed in HBSS followed by the addition of 2 x 106 PMN to the apical surface of monolayers. Plates were centrifuged at 800 r.p.m. for 4 min to uniformly settle PMN to the epithelial surface. After 10 min at 37°C, fMLP (10-8 M final concentration) was added and PMN were allowed to adhere for an additional 5 min. Under such conditions, PMN adhere only to the apical surface of the monolayer (Parkos Colgan, Bacarra, Nasrat, Delp-Archer, Carlson, Su, and Madara, manuscript submitted for publication) and thus do not have access to basolaterally positioned elements, here being MDL. Monolayers were immediately washed with HBSS and assayed for myeloperoxidase content as described above.
Cytokine quantitation
Interferon-y (IFN-y) was quantified from media conditioned with MDL:epithelial co-cultures using a commercially available Human Interferon-gamma ELISA kit (Endogen Inc., Boston, MA) following the manufacturer's instructions. Interleukin-8 (IL-8) was quantitated from conditioned media taken from MDL:epithelial co-cultures or from control monolayers (i.e., no MDL contact) using a capture ELISA as described previously (23) . Rabbit anti-human IL-8 polyclonal antibody (10 Mg/ml, Endogen Inc., Boston, MA) was attached to 96-well plates by overnight incubation at 4°C. Plates were blocked with 5% BSA and culture supernatants or IL-8 standards (Genentech Corp., South San Francisco, CA) were added for 2 h at 22°C. As a positive control, virgin T84 monolayers were exposed to PMA (500 ng/ml, 1 h, 37°C). After washing with HBSS, a goat anti-human IL-8 polyclonal antibody (10 yg/ml; R&D Systems, Minneapolis, MN) was added for 1 h at 22°C.
Peroxidase-conjugated rabbit-anti-goat IgG was used as a detection antibody and color development was monitored at 405 nm after addition of ABTS substrate.
Data presentation
Results were analysed by comparison of means using Students' t test or by analysis of variance (ANOVA) and are expressed as mean±SEM.
Results
Morphology of mucosal-derived lymphocyte positioning within T84 monolayers. T84 intestinal epithelial cells were plated on 0.33-cm2 ring supported polycarbonate filters as co-cultures with varying densities of MDL and the morphologic appearance of these monolayers was assessed using confocal microscopy. These images, shown in Fig. 1 , revealed that co-cultures of T84 cells and lymphocytes existed as confluent epithelial monolayers with lymphocytes located adjacent to the basolateral surface of T84 cells, defined as being located subjunctionally. This finding is in agreement with that reported elsewhere on cocultures of MDL with T84 cells grown on glass coverslips (19) .
We next quantitated the number of MDLs associated with T84 monolayers plated at varying densities of MDL:T84 cells. As shown on Table I , with increasing plating densities of MDL, an increase in the number of basolaterally-associated MDL was observed (ANOVA P < 0.05). These results demonstrate that when epithelial cells are co-cultured with native MDL, resulting monolayers assume a physiologically relevant orientation.
Effect ofmonolayer reconstitution with MDL transepithelial resistance. T84 intestinal epithelial cells exhibit the unique feature of a high transepithelial resistance to passive ion flow (20) . We therefore examined the effects of the presence of MDL in co-cultures with T84 cells on transepithelial resistance to passive ion flow. As shown in Fig. 2 , the presence of MDLs brought about a dose-dependent decrease in resistance with increasing monolayer-associated MDL (baseline resistances were 970±56.3, 385±46.9, 180+21.4 ohm * cm2, at plating densities of 0.3:1, 1:1, and 3:1, respectively, vs no MDL control T84 cells with a baseline resistance of 1284±63.4 ohm-cm2, one way-ANOVA P < 0.01).
In a subset of experiments, we determined whether this fall in monolayer resistance with increasing MDL density could be explained by the spatial rearrangement of epithelial tight junctions. To answer this question, T84 epithelial cells were plated at high density (i.e., 3 beads/epithelial cell) with inert, neutral charged latex beads with a diameter similar to MDL (11.9 ,um). The presence of latex beads (morphologically confirmed to be basolaterally positioned throughout the monolayer in a fashion analogous to MDL, data not shown) had only minimal physiologic effects on monolayer resistance (Fig. 2 , resistance 919±56.0 ohm cm2).
This attenuation in baseline resistance by MDL was not explained by the exogenous addition of IL-2 (see Methods). To determine this, T84 epithelial monolayers were exposed to IL-2 at similar concentrations as added to co-cultures (2 nM) and were subsequently assessed for effects on transepithelial resistance. Compared with control monolayers, IL-2 did not affect baseline transepithelial resistance (baseline resistance 1,050±82.0 ohm cm2 for monolayers exposed to IL-2, 2 nM, 72h; vs control monolayers supporting a resistance of 1,230±125 ohm-cm2, n = 6, NS), suggesting that exogenous addition of IL-2 used to establish co-cultures did not explain the physiologic effects observed during co-culture.
Effect of monolayer reconstitution with MDL on epithelial electrogenic Cl-secretion. T84 cells secrete Cl-from apical membrane channels by a process termed electrogenic Cl-secretion, reflected as the short circuit current, Isc, generated by the monolayer. To Figure 1 . Localization of MDL in co-culture monolayers using confocal microscopy. T84 intestinal epithelial monolayers were co-cultured with human MDL at a ratio of 3MDL:T84 cell for 5 d as described in Methods. Monolayers were stained with rhodamine-phalloidin to label f-actin and lymphocytes were visualized using OKT8 (anti-CD8) followed by FITCconjugated goat anti-mouse secondary Ab. MDLs were counted using the OKT8 antibody. T84 cells were counted on the same monolayers, using rhodamine phalloidin, by first taking pictures of three different optical fields and then counting the number of T84 cells per field. T84 numbers were consistent on both occasions.
§ significantly different compared with plating density of 0.3:1 by Student's t test, P < 0.05.
vs control T84 cells plated without MDL carrying a baseline Isc of 5.2+0.51 y A/cm2, NS).
When MDL:epithelial co-cultures were stimulated to secrete Cl-, an attenuated Isc was evident with increasing MDL concentrations using three different agonists (Fig. 3) . In response to forskolin stimulation (10 1iM final concentration), a cAMPmediated agonist, peak Isc tended to decrease with increasing MDL density. As shown in Fig. 3 A, and indicates a shift in the dose response with increasing MDL concentration during co-culture (2-factor ANOVA, P < .01).
As shown in Fig. 3 1.3±0.29, 1.7+0.53, 1.2±0.28 ng/ml for co-cultures of 0.3:1, 1:1, and 3:1 lymphocytes/T84 cell, respectively, all P > 0.05 compared to controls). As a positive control, stimulation of control T84 monolayer IL-8 production with PMA (500 ng/ml) brought about a significant increase in detectable IL-8 (4.2+0.58 ng/ml, all P < 0.01). These results indicate that the production of IL-8 by T84 cells during co-culture with MDL is an unlikely explanation for the results observed here.
MDL-elicited alteration of epithelial phenotype requires correct anatomic positioning of MDL. To determine whether the MDL modulation of epithelial phenotype required correct anatomical positioning of MDL, two series of experiments were performed. First, MDL were plated in the reservoir below epithelial monolayers (i.e., no direct MDL:epithelial cell contact) at ratios of 0.3:1, 1:1, or 3:1 MDL per T84 cell. Resistances of these monolayers were 1287+62.9, 1042+ 101.2, and 1688±53.1 ohm cm2, respectively, while control monolayers without MDL established a transepithelial resistance of 1284±63.4 ohm-cm2 (P > 0.05 by ANOVA). We next used gravitational settling of MDL onto the apical surface of postconfluent monolayers to determine whether the resulting improperly polarized MDL-epithelial apposition would also elicit ptA/cm2 (P > 0.05). These data suggest that the physiologic attenuation in transepithelial resistance by MDL requires direct MDL interaction with epithelial basolateral membranes. Importantly these latter findings also indicate that direct apposition of MDL with epithelial membranes does not by itself lead to detectable alterations in epithelial function. Lastly, conditioned media from 3MDL:T84 co-cultures were pooled and transferred to virgin, confluent T84 monolayers and resistance was assessed 3 d later. These experiments demonstrated a significant drop in transepithelial resistance (376+23.7 ohm_cm2 for monolayers fed MDL-T84 cell conditioned media vs 1284±63.4 ohm cm2 for controls, n = 6, P < 0.001), and an attenuation in forskolin-stimulated (10 sM) Isc (10.4+2.03 ptA/cm2 for monolayers fed MDL-T84 cell conditioned media vs 23.5±2.79 ohm cm2 for no MDL controls, n = 6, P < 0.01), thus indicating that the factor(s) responsible for decreased transepithelial resistance associated with MDL reconstitution of monolayers is/are soluble, are produced only after basolateral membrane contact with MDL, and can influence epithelial phenotype in distant non MDL-associated sites (i.e., can be transferred to MDL free monolayers).
Quantitation of IFN-y elicited from MDL reconstituted monolayers. We have previously demonstrated (12, 13, 15) , Figure 6 . Correlation of IFN-y effects on transepithelial resistance with quantitated cytokine lev-100-j~els found in co-culture supernatants. T84 and others have confirmed (14, 24) , that epithelial exposure to recombinant IFN-y in vitro induces physiologic effects similar to those observed here, including modulation of epithelial barrier function (12, 13, 14, 15, 24) , attenuation of Cl-secretion (14, 15) and modulation of PMN transmigration and adhesion (12, 15 (18, 20) , the relationship between transepithelial resistance and tight junction permeability to inert hydrophilic solutes is asymptotic, with very little change in solute flux above 250 ohm cm2 (4). Thus, only at the lowest resistances observed in this study, was junctional solute permeability affected. On the other hand, the most dramatic effects were noted at actual MDL:T84 cell ratios which were low relative to that which can occur during disease states (25) . Thus, it is likely that significant attenuations in junctional solute permeability (as opposed to resistance) occur only in states in which the MDL:T84 cell ratios are high. In contrast, Isc, the measure of Cl-secretion used in this study, correlates well with actual net serosal-tomucosal Cl-flux (18) . Thus, the large attenuation of Cl-secretion seen with even low MDL:T84 cell densities suggests that basolateral epithelial-MDL contact has a damping effect on intestinal fluid and electrolyte secretion. Teliologically, such effects could serve to downregulate fluid secretion in chronic phases of intestinal inflammation, states in which MDL densities may be the greatest (26, 27) . Lastly, reconstituted MDL-basolateral epithelial contacts elicit a profound alteration in subsequent PMN-epithelial interactions. Under these conditions, the rate at which PMN migrate into epithelial monolayers is enhanced-an effect which can not be attributed to alterations in epithelial barrier function given the resistances observed here (22) . This latter point is reinforced by the observation that PMN adhesion assays suggest that reconstituted monolayers support increased expression of PMN ligands on the epithelial surface. In contrast to the above findings, addition of activated peripheral blood T cells to T84 cells resulted in the death of the latter (data not shown).
Based on our previously published data (12, 13, 15) , as well as that published by others (14, 16, 17, 24) , we have suggested that the epithelial surface phenotype may dynamically shift between classic epithelial states (barrier function, vectorial fluid, and electrolyte transport) and immune accessory states (PMN adhesive ligands, increased MHC Class I and II expression). Furthermore, relative shifts between these states can be induced by MDL-derived cytokines such as IFN--y (15, 16, 17) . Such a hypothesis has been previously proposed by us (15) and others (14) (8, 19) . The conditioned media transfer experiments described here do not clearly identify the cell type (MDL vs epithelia) which releases the signal responsible for the alteration in epithelial surface phenotype. However, since the phenotype described is similar to that elicited by epithelial exposure to IFN-y, we assessed whether release of this cytokine represented the bioactivity sought. Although MDL-epithelial contact was found to induce IFN-y release, the quantity released resulted in a bulk phase concentration 2 logs lower than that necessary to demonstrate the effect by exogenous addition of cytokine. It is possible that IFN-y at such low concentrations could be potentiated by an accessory cytokine such as has been described previously in other bioassays (28) . However, TNF-a appears to be the major potentiating cytokine for IFN-y, and we have previously shown that no such potentiating interactions exist for the T84 cell assays used (13) . Furthermore, experiments performed using neutralizing antibodies for IFN-y and conditioned media transfer experiments have not reliably negated the observed transferred bioactivity (unpublished observation). Similarly, although IFN-y induces enhanced neutrophil adhesion to (15) , and migration into (12) T84 monolayers, bulk phase concentrations of IFN-y were determined to be nearly two orders of magnitude lower than would be expected to elicit this physiologic effect. Interleukin-8, a cytokine which can be induced from intestinal epithelial cells such as T84 (23) , and exhibits neutrophil chemotactic activity (25) , was also determined not to be responsible for the modulation of PMN-epithelial interactions by MDL-reconstituted monolayers. Having shown that obvious candidate cytokine signals are not responsible for the MDL-elicited alterations in surface phenotype, we are currently using fractionation approaches to identify the bioactivities responsible for our observations.
These data indicate that MDL, when physiologically positioned within intestinal epithelial monolayers, can dramatically alter the profile of epithelial surface functions. We speculate such MDL regulation of epithelial function may play a role in the baseline physiology of monolayer function in vivo and in its regulation in disease states in which MDL are present at increased density or in altered states of activation.
